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We have performed molecular dynamics (MD) simulation based on the embedded 
atom method (EAM) potential in the NPT (constant number of 
particles–pressure–temperature) ensemble using the Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) code, in order to 
investigate the atomic-level structures and the composition-structure-properties 
correlations in Cu-Zr metallic glasses (MGs). Our findings have implications for 
understanding the atomic structure, glass-forming ability (GFA) and properties of 
MGs. 
 
From the viewpoint of topological short-range order, the fraction of the 
Cu-centered <0,0,12,0> full icosahedra (fico) is obtained from a statistical analysis 
over a broad compositional range with high resolution in the Cu-Zr binary system. 
Weak but significant peaks are observed at certain compositions that coincide with 
good glass formers. This correlation implies that the change in fico is a fundamental 
structural factor in determining the ease of glass formation.  
 
In addition, chemical short-range order of the Cu-Zr binary system over the three 
good glass-forming compositional ranges has also been investigated. A simple 
route has been developed for broad investigations of the basic clusters, optimum 
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glass formers, as well as the composition-structure-GFA correlation. In addition, 
topological short-range orders of the basic clusters in the three compositional 
ranges were characterized.  
 
In order to reproduce the trend of density of the amorphous phase for different 
compositions observed in experiment, we have also performed MD simulations 
based on the EAM potential in the NVT (constant number of 
particles–volume–temperature) ensemble. A significant hump is observed around 
the good glass-forming compositional range, in the trend of total coordinate 
number as a function of composition. And the composition-structure-properties 
(including GFA and mechanical behavior) correlations in the Cu-Zr MGs were 
established. The atomic-level origin of these correlations was tracked down. It was 
found that the Cu-centered full icosahedron is the microscopic factor that 
fundamentally influences both GFA and mechanical behavior. Our findings have 
implications for understanding the nature, forming ability and properties of MGs, 
and for searching novel MGs with unique functional properties. 
 
 
Furthermore, we have studied the liquid behaviors of Cu61.8Zr38.2, Cu64.5Zr35.5, and 
Cu66Zr34 amorphous alloys including their pair distribution functions, distributions 
of Voronoi clusters with different coordination numbers, and mean square 
displacements of Cu and Zr atoms. Compared to Cu61.8Zr38.2 and Cu66Zr34, we 
found high concentrations of distorted icosahedra with indices of <0, 2, 8, 2> and 
<0, 4, 4, 4>, high numbers of Cu-centered Cu8Zr5 and Cu9Zr4 clusters, and 
reduced atomic diffusivity of Cu and Zr atoms in molten Cu64.5Zr35.5 alloy. These 
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effects would benefit glass formation in Cu64.5Zr35.5 alloy. Meanwhile, from the 
viewpoints of local clusters structure, the majority of the glue atoms are Cu in the 
Cu64.5Zr35.5 amorphous alloy, which leads to denser packing and better GFA. 
 
Moreover, short- and medium-range orders in Cu64Zr36 MG were investigated 
from the first to the sixth coordination shell. In the first three coordination shells, 
the total number of atoms within the nth coordination shell is 13, 61, and 169. And 
the number of atoms on the nth coordination shell is 12n
2
. Besides, the basic 
atomic structure could be obtained from a central icosahedron surrounded by a 
shell of 12n
2
 atoms. From the fourth coordination shell on, the total number of 
atoms is 307, 561, and 924, respectively, consistent with that in an icosahedral 
shell structure. Our finding suggests that in the optimum glass former, the basic 
atomic structures over both short- and medium-range length scale could have the 



















[1]: Z . D. Sha, Y. P. Feng, and Y. Li, “Geometric, cluster and electronic 
structures in the good glass former”, in preparation. 
[2]:  Z . D. Sha, Y. P. Feng, and Y. Li, “Short-to-medium-range order in the 
Cu-Zr metallic glasses”, J. Mater. Res., to be submit.  
[3]: Z . D. Sha, Y. P. Feng, and Y. Li, “The microscopic origin of the 
glass-forming ability and mechanical behavior”, Mater. Chem. Phys., under 
review. 
[4]: Z . D. Sha, B. Xu, L. Shen, A. H. Zhang, Y. P. Feng, and Y. Li, “The basic 
polyhedral clusters, the optimum glass formers, and the 
composition-structure-property (glass-forming ability) correlation in Cu-Zr 
metallic galsses”, J. Appl. Phys. 107, 063508 (2010). 
[5]: Z . D. Sha, Y. P. Feng, and Y. Li, “Statistical composition-structure-property 
correlation and glass-forming ability based on the full icosahedra in Cu-Zr 
metallic glasses”, Appl. Phys. Lett. 96, 061903 (2010).  
[6]: M. G. Zeng, L. Shen, Y. Q. Cai, Z . D. Sha, and Y. P. Feng, “Perfect 
spin-filter and spin-valve in carbon atomic chains”, Appl. Phys. Lett. 96, 042104 
(2010). 
  
Table of contents  
 x 
[7]: Z. D. Sha, R. Q. Wu, Y. H. Lu, L. Shen, M. Yang, Y. Q. Cai, Y. P. Feng, and 
Y. Li, “Glass forming abilities of binary Cu100-xZrx (34, 35.5, and 38.2 at. %) 
metallic glasses: A LAMMPS study”, J. Appl. Phys. 105, 043521 (2009). 
[8]: Y. H. Lu, R. Q. Wu, L. Shen, M. Yang, Z. D. Sha, Y. Q. Cai, P. M. He, and Y. 
P. Feng, “Effects of edge passivation by hydrogen on electronic structure of 
armchair graphene nanoribbon and band gap engineering”, Appl. Phys. Lett. 94, 
122111 (2009).  
[9]: M. Yang, R. Q. Wu, W. S. Deng, L. Shen, Z. D. Sha, Y. Q. Cai, Y. P. Feng, 
and S. J. Wang, “Electronic structures of beta-Si3N4(0001)/Si(111) interfaces: 
Perfect bonding and dangling bond effects”, J. Appl. Phys. 105, 024108 (2009). 
[10]: L. Shen, R. Q. Wu, H. Pan, G. W. Peng,  M. Yang, Z. D. Sha, and Y. P. 
Feng, “Mechanism of ferromagnetism in nitrogen-doped ZnO: First-principle 
calculations”, Phys. Rev. B, 78, 073306 (2008).  
[11]: R. Q. Wu, L. Shen, M. Yang, Z. D. Sha, Y. Q. Cai, Y. P. Feng, Z. G. Huang, 
and Q. Y. Wu, “Enhancing hole concentration in AlN by Mg: O codoping: Ab 
initio study”, Phys. Rev. B, 77, 073203 (2008).  
[12]: C. G. Jin, X. M. Wu, L. J. Zhuge, Z. D. Sha, and B. Hong, “Electric and 
magnetic properties of Cr-doped SiC films grown by dual ion beam sputtering 
deposition”, J. Phys. D 41, 035005 (2008).  
[13]: R. Q. Wu, L. Shen, M. Yang, Z. D. Sha, Y. Q. Cai, Y. P. Feng, Z. G. Huang, 
and Q. Y. Wu, “Possible efficient p-type doping of AlN using Be: An ab initio 








List of Tables 
 
6.1   The fractions of the Voronoi clusters (VCs) with indexes of <0, 2, 8, 2> and 
<0, 4, 4, 4>, respectively, the fractions of the Cu-centered VCs with indexes of <0, 
2, 8, 2> and <0, 4, 4, 4>, respectively, the numbers of the Cu-centered Cu8Zr5 and 
Cu9Zr4 clusters, respectively, and the diffusion coefficients of Cu and Zr atoms for 
Cu61.8Zr38.2, Cu64.5Zr35.5, and Cu66Zr34 molten alloys, 
respectively……………....................................................................................... 76 












Table of contents  
 xii 
 
List of Figures 
 
1.1   The matching GFA with the density of the amorphous phase in the Cu-Zr 
binary system……………………………………………………………………..13 
3.1   The average numbers of the three most common clusters (Ncluster) around 
Cu and Zr atoms, (a) in range I from Cu49.5Zr50.5 to Cu52Zr48, (b) in range II from 
Cu55.5Zr44.5 to Cu57.5Zr42.5, and (c) in range III from Cu62.5Zr37.5 to 
Cu66Zr34………………...........................................................................................41 
3.2   (a) The average numbers of the three most popular types of Voronoi 
polyhedra (Npolyhedra) around Cu and Zr atoms of the basic clusters, in range I from 
Cu49.5Zr50.5 to Cu52Zr48, in range II from Cu55.5Zr44.5 to Cu57.5Zr42.5, and in range III 
from Cu62.5Zr37.5 to Cu66Zr34; (b)-(d) typical polyhedra (red: Cu, and gray: 
Zr)……………………………………………………………..………..………...43 
3.3   The average numbers of the basic clusters (Ncluster), (a) over the entire 
range, (b) in range I from Cu49.5Zr50.5 to Cu52Zr48, (c) in range II from Cu55.5Zr44.5 
to Cu57.5Zr42.5, and (d) in range III from Cu62.5Zr37.5 to 
Cu66Zr34………………...…………………………………………………………46 
4.1   The average fraction of Cu-centered <0,0,12,0> full icosahedra (fico), (a) 
over the entire range, (b) in range I from Cu49.5Zr50.5 to Cu52Zr48, (c) in range II 
from Cu55.5Zr44.5 to Cu57.5Zr42.5, and (d) in range III from Cu62.5Zr37.5 to Cu66Zr34, 
respectively……………………………………………………………………….54 
  
Table of contents  
 xiii 
4.2   The average fraction of Cu-centered <0,2,8,0> polyhedron (f), (a) over the 
entire range, (b) in range I from Cu49.5Zr50.5 to Cu52Zr48, (c) in range II from 
Cu55.5Zr44.5 to Cu57.5Zr42.5, and (d) in range III from Cu62.5Zr37.5 to Cu66Zr34, 
respectively……………………………………………………………………….55 
4.3   The average number of the dominant Cu-centered clusters with Voronoi 
index <0,0,12,0> ( clustericoN ), (a) over the entire range, (b) in range I from 
Cu49.5Zr50.5 to Cu52Zr48, (c) in range II from Cu55.5Zr44.5 to Cu57.5Zr42.5, and (d) in 
range III from Cu62.5Zr37.5 to Cu66Zr34, respectively……………………………...57 
5.1   Trends of total coordinate number around Cu and Zr atoms obtained from 
by the conventional approach and our work……………………………………...64 
5.2  (a) Populations and representative motifs of the five most populous 
Cu-centered Voronoi polyhedra types. Trends of various Voronoi polyhedra as a 
function of composition are presented in (b), (c), (d), (e), (f), and (g) respectively. 
(h) Trend of all icosahedra (<0,0,12,0>+<0,2,8,2>+<0,3,6,3>). (i) Trend of 
Cu-centered Cu8Zr5 cluster……...……………………………..............................66 
5.3  Trends of the elastic modulus and Poisson’s ratio as a function of 
composition……………………………………………………………………….68 
6.1   Pair distribution functions g(r) for Cu61.8Zr38.2, Cu64.5Zr35.5, and Cu66Zr34 
molten alloys, respectively……………………………………………………….73 
6.2   Total fractions of Voronoi clusters (VCs) with different coordination 
numbers (CNs) for the Cu61.8Zr38.2, Cu64.5Zr35.5, and Cu66Zr34 molten alloys 
deduced by Voronoi tessellation method…………………………………………75 
6.3   Mean square displacements of (a) Zr and (b) Cu atoms in Cu61.8Zr38.2, 
Cu64.5Zr35.5, and Cu66Zr34 melts, respectively…………………………………….79 
  
Table of contents  
 xiv 
7.1   Short-ranger order in Cu64Zr36 MG within the first coordination shell. (a) 
Configuration (16,000-atom) of a Cu64Zr36 MG obtained by MD simulation. (b) 
Total PDF of Cu64Zr36. (c) and (d) Populations of various clusters in terms of size 
and component, respectively. (e) Distribution of the polyhedron type of Cu8Zr5 
basic cluster. (f) A representative motif of Cu8Zr5 cluster (red: Cu, and gray: 
Zr)………………………………………………………………………………...87 
7.2   Medium-range order in Cu64Zr36 MG within the second coordination shell. 
(a) and (b) Populations of the various super-clusters in terms of size and 
component, respectively. (c) and (d) Distributions of the core structure of the basic 
super-cluster Cu39Zr22 in terms of type of polyhedra and type of clusters, 
respectively. (e) A representative motif of super-cluster Cu39Zr22……………….89 
7.3   Medium-range order in Cu64Zr36 MG within the third coordination shell. (a) 
and (b) Populations of the various super-clusters in terms of size and component, 
respectively. (c) A representative motif of super-cluster Cu108Zr61……………...90 
7.4   The overall trend of the total number of atoms within the nth coordination 
shell for Cu64Zr36 MGs. Trend of the total number of atoms in an icosahedral shell 
structure is also plotted for comparison…………………………………………..92 
 
  








Amorphous metals are solids that have the usual metallic properties, but they 
possess no long-range atomic periodicity that is found in the more common 
crystalline metals. A sub-class of this type of material is formed by the so-called 
metallic glasses (MGs), which are distinguished from the broader class by the fact 
that they are produced by rapidly quenching an equilibrium liquid to a temperature 
at which the sample becomes configurationally frozen. Because of their very 
different properties as compared to those of their crystalline counterparts, MGs are 
very promising materials for future structural, chemical, and magnetic applications 
[1-6]. Since the discovery of glassy systems based on multi-component alloys in 
the early 1990s [7-9], bulk metallic glasses (BMGs) have attracted increasing 
attention over recent years. Despite the intense research into the BMGs, some key 
issues remain unclear, such as the understanding of the local atomic structure [10, 
11] and the understanding of the connection between the physical properties of 
amorphous alloys and their quantifiable structural characteristics [12-15]. In this 
introductory chapter, the history and wide applications of MGs are introduced. A 
brief review of the previous research on the atomic structure, structural models, 
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1.1 The overview of metallic glasses 
1.1.1 The History of metallic glasses 
 
The formation of a glass requires cooling the liquid quickly compared to the time 
scale for nucleation, thereby freezing the liquid configuration in the solid (glassy) 
state [16]. This critical cooling rate varies widely depending on the system. The 
study of MGs began in 1960 with the formation of amorphous Au75Si25 by P. 
Duwez and coworkers at Caltech [17]. They developed the rapid quenching 
techniques for chilling metallic liquids at very high rates of 10
5–106 K/s. The 
discovery of several other glass-forming systems soon followed, though all 




 K/s. Since then, MGs became the subject of much 
research interest due to their superior strength combined with increased wear and 
corrosion resistance properties. There have been setbacks, however, in the 
development of MGs for practical structural applications. The alloys are typically 
brittle, exhibiting catastrophic failure during mechanical testing. Finding the 
correct combination of elements is an important area of both experimental and 
computational research. Recently new alloys have been developed exhibiting 
some ductility, somewhat alleviating this drawback [18]. Because of the rapid 
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cooling rates needed to produce many of the early metallic glass alloys, sample 
dimensions have been limited to thin sheets and ribbons, which are unlikely to 
find wide applications. In the early 1990s, several multi-component alloys have 
been found to exhibit extraordinary glass-forming ability (GFA) with critical 
cooling rates often less than 10 K/s, allowing amorphous metals to be cast to 
thickness on the order of millimeters to several centimeters [7, 8, 19]. This new 
class of amorphous metal alloys is termed BMGs. The combination of increased 
ductility and bulk glass formation has shown promise in using amorphous metals 
in structural applications. The first commercially available metallic glass product 
was developed from Vitreloy (Zr41.2Ti13.8Cu12.5Ni10.0Be22.5), which is an alloy 
discovered at Caltech [20]. Derivatives of this material have been used in a range 
of products, from golf clubs and tennis rackets (where the elastic coefficient of 
restitution offers improved performance [5]) to small electronics such as mobile 
phones (taking advantage of wear resistance and precision molding capabilities) 
[21].  
 
It is of vital importance to search for new bulk metallic glass forming alloys with 
high GFA employing both experimental methods and molecular dynamic 
simulations, so that the successful alloys with useful properties may be exploited 
for a variety of potential applications. Despite some structural models of MGs and 
several empirical criteria regarding GFA proposed over the years, the design of 
alloys with a high GFA remains a large extent unpredictable due to lack of 
understanding of the local atomic structure. There is a pressing need, therefore, to 
uncover systematically the atomic structure of a given metallic glass and then to 
  
Chapter 1 Introduction  
 4 
predict optimum compositions with high GFA. 
 
 
1.1.2 Applications of MGs 
 
Over the past years MGs have grown from a singular observation to an expansive 
class of alloys with broad scientific and commercial importance. Some companies 
in the USA, Japan and China (one of the most famous companies is named 
Liquidmetal Technologies in USA) have been set up for developing applications 
of these materials for industries and military purposes [22]. 
 
The exceptional physical, chemical, magnetic and mechanical properties of MGs 
have enabled applications in various fields. The first application of BMGs into the 
market is present in the sporting field such as golf [5, 23]. In addition to sporting 
goods, the new family of materials could also be promising for other more serious 
applications. Under a contract from the US Army Research Office, for example, 
researchers are working to develop manufacturing technology for metallic-glass 
tank-armor penetrator rounds to replace the current depleted uranium penetrator, 
which is suspected of biological toxicity. Furthermore, the high strength and light 
weight of BMGs allows miniaturization and weight reduction in the designs of 
military components without sacrificing the reliability. Another area of 
commercial interest of BMGs is a highly biocompatible, non-allergic form of the 
glassy material that would be suitable for medical components [24, 25]. 
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In the near future, BMGs will become more and more significant for basic 
research and applications as the science and technology of this new field undergo 
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It is of vital importance to investigate the atomic structure of MGs, since structure 
determines the properties of materials. Due to the disordered structural 
characteristic of MGs, there is, so far, no exact model and theory on their 
microscopic structure in spite of great efforts. Furthermore, the 
structure-properties correlations are helpful for understanding the nature of glasses 
and smartly searching BMGs. However, understanding the relationship between 
the properties and microstructure of MGs is still a challenge. 
 
1.2.1 The structure of MGs 
 
 
The structure of a MG is defined by the lack of long-range atomic order. Much 
like the liquid phase, an amorphous solid lacks the periodic atomic structure found 
in its crystalline counterpart. Unlike the liquid phase, short-range atomic ordering 
(SRO) occurs more prevalently in a MG. SRO does exist in the liquid state, but 
thermal energy and entropy allow for much more atomic motion and disruption of 
SRO, compared to that in the amorphous state where atoms are for the most part 
frozen in position. This lack of atomic mobility and increased SRO gives rise to 
the primary difference in the structure of liquids and MGs [18]. Additionally, a 
certain degree of medium-range ordering (MRO) exists. A correct description of 
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atomic-level structure is vital to our understanding of the behavior of materials. 
For MGs, over the years researchers have proposed several atomic models. The 
most well-known models include dense random packing of hard spheres model, 
the stereo-chemically defined model, and the dense cluster packing model. 
 




Historically, Bernel’s dense random packing of hard spheres model (DRPHS) has 
been widely used to explain the atomic structure of MGs [26-32]. In his model, he 
poured ball bearings into rubber bladders till the highest density of random pack 
was obtained. This model presents fairly appealing radial distribution functions in 
MGs and successfully reproduces the splitting feature of the second peak of the 
distribution functions, the significant feature of MGs [31, 33].  
 
There are, however, several objections to DRPHS model. In the first place, the 
“hard sphere touching” assumption in DRPHS cannot be true for real alloy 
systems. Moreover, it is now understood that DRPHS model can satisfactorily 
model monatomic systems and alloys with comparable atomic sizes and 
insignificant chemical short-range order, but fails to describe short-range orders 
(SROs) and medium-range orders (MROs) that are frequently observed in many 
binary MGs, notably metal-metalloid glasses and multi-component glassy systems 
[27, 34, 35].  
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1.2.1.2 Stereo-Chemically Defined Model  
 
The stereo-chemically defined (SCD) model was proposed by Gaskell [36, 37]. It 
stipulates that the local unit (such as nearest neighbours) in amorphous alloy has 
the same type of structure as their crystalline compounds with similar composition. 
Furthermore, based on the unique local units, the SCD model borrowed the 
packing scheme of network forming glasses to interconnect the identical building 
blocks with an edge- or face-sharing arrangement to form a continuous random 
network. By doing so, the SCD model first established a realistic connection 
between the short-range structure and the medium-range structure of MGs.  
 
The SCD model has attracted a lot of attention in the research community. But the 
general applicability of this model is still being debated, as experimental evidence 
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1.2.1.3 Dense Cluster Packing Model  
 
In 2004, Miracle presented a new structural model for MGs, called as the dense 
cluster packing (DCP) model [11, 39, 40]. The DCP model starts form the most 
efficiently packed solute-centered atomic structure, which is well defined in terms 
of a given atomic ratio and is used as a local representative structural element in 
MGs, similar to the unit cell in a crystalline structure. With the local environment 
so defined, long-range structure is generated by idealizing these clusters as spheres 
and efficiently packing them to fill space. Face centered cubic (fcc) and hexagonal 
close packed (hcp) cluster packing schemes are employed in this model. It was 
also claimed that the highly ordered cluster packing does not go beyond several 
cluster diameters as a result of internal strains. The underlying principle of DCP 
model is the efficient filling of space.   
 
In 2006, Sheng et al. proposed a model, which rectified and extended the 
structural concepts proposed in previous models [38]. In their model, the atomic 
packing scheme was also discovered to be based on solute-centered 
quasi-equivalent clusters. The quasi-equivalent clusters form due to strong 
chemical ordering. The intra-cluster packing shows topological SRO, forming 
coordination polyhedra efficiently packed for the specific atomic radius ratios 
[41-43]. For efficient packing of the quasi-equivalent clusters to fill 3-D space, the 
inter-cluster connection adopts dense packing arrangements of the clusters, via 
face-sharing, edge-sharing and vertex-sharing schemes. Such an organization 
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beyond the level of individual clusters (first neighbors) gives rise to the MRO. The 
model indicated that the dominant MRO is that of dense random packing of 
clusters, with icosahedral-like character. This model is significant in that it 
successfully describes a number of binary MGs [38] and provides an effective way 
to investigate multi-component MGs.  
 
These two idealized cluster packing schemes, efficient cluster packing on a cubic 
lattice or icosahedral packing as in a quasicrystal, have provided insights on the 
SRO and MRO in MGs. However, these cluster packing schemes addressed 
mainly the low solute concentration regime [44]. Moreover, these packing 
schemes break down beyond a length scale of a few clusters [45]. Clearly, there is 
a pressing need for an in-depth reality check of these previous structural concepts, 
and for exploring the realistic structural picture of MGs. Hence, a correct 
description of atomic-level structure is vital. And the characteristics of the MRO 
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1.2.2 The structure-properties relations of MGs 
 
One of the longstanding goals of materials science research is to establish accurate 
correlations between the properties and microstructures of materials. For 
amorphous alloys, how the internal structure influences their properties is difficult 
to understand. Structurally, MGs all appear completely amorphous so that it is not 
obvious what the structural differences are that lead to major property variations 
[46]. There have been several models proposed over the years, introducing 
indicators that presumably can serve as a measure of the role glass structure plays 
in controlling properties [47-50]. These indicators mainly fall into two categories. 
The first and foremost is the widely used concept of “free volume” [47] or a 
similar parameter of atomic packing efficiency/density [48]. Alternatively, the 
structural state has been characterized using the configurational potential energy 
(CPE) [49] or potential energy of inherent structures [50].  
 
With the development of more MGs with unique physical and mechanical 
properties, more and more data have been collected, which may permit more 
correlations to be found. For example, it has been found that density or molar 
volume is related to GFA, plasticity, and other properties for some BMGs [51-60]. 
In experiment, the matching GFA with the density of the amorphous phase in the 
Cu-Zr binary system [61-65] was observed, as shown in Fig. 1.1. However, due to 
lack of understanding of the local atomic structure of MGs and a strong 
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composition dependence of their properties, exploring the quantitative 




























Figure 1.1: The matching GFA with the density of the amorphous phase in the 
Cu-Zr binary system.  
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1.3 Motivation and objectives 
 
In view of the above review, despite the intense research into the MGs, some key 
issues remain unclear. 
 Firstly, the search for the best glass forming compositions in a given 
alloy system has been a tedious and costly process. The design of alloys 
with high GFA remains to a large extent unpredictable due to lack of 
understanding of the atomic structure [66-68].  
 Establishing structure-property correlations are central issues of 
materials science. If taking into account the effect of MG composition, 
the quantitative composition-structure-property correlation is a huge 
challenge [69-72].  
 The cluster packing schemes break down beyond a length scale of a few 
clusters. The characteristics of the medium-range ordering remain one of 
the most important outstanding questions in MG research [45, 73, 74].  
 The fourth issue is to find a simple, universal and easily calculable 
indicator of the GFA for BMGs, which is an outstanding problem far 
from being adequately solved. In the past, many criteria for gauging GFA 
have been proposed. Unfortunately, these criteria are strongly dependent 
on the experimental measurements and thus are not predictable quantities. 
Moreover, there exist discrepancies between the best GFA and some 
frequently used judgment parameters in many alloys [75-77].           
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Focusing on the Cu-Zr binary system, three good glass-forming compositional 
ranges around Cu50Zr50, Cu56Zr44, and Cu64Zr36 were reported. A successful 
structural model of MGs must account for the three distinct compositions with 
high GFA. Unfortunately, it seems that none of the existing models have these 
capabilities. Quite a number of parameters based on kinetic and thermodynamic 
considerations have been proposed to evaluate the GFA of metallic alloys. 
However, none of the parameters can be used to provide a complete explanation 
for all three good glass-forming compositional ranges in the Cu-Zr binary system. 
 
The aim of this study was to investigate atomic-level structure in a wide 
compositional range with high resolution in the Cu-Zr binary system. Then the 
second step was to establish the composition-structure-property correlation. The 
specific objectives of this research were as follows: (1) Both topological 
short-range order and chemical short-range order in the Cu-Zr binary system over 
the three good glass-forming compositional ranges were investigated, from 
Cu49.5Zr50.5 to Cu52Zr48 (range I), from Cu55.5Zr44.5 to Cu57.5Zr42.5 (range II), and 
from Cu62.5Zr37.5 to Cu66Zr34 (range III). (2) The 
composition-structure-GFA/mechanical behavior correlations based on the basic 
polyhedral clusters or the full icosahedra obtained from a statistical analysis were 
established. (3) A universal and easily calculable indicator for GFA was searched. 
(4) The local atomic structures and thermophysical properties of binary Cu61.8Zr38.2, 
Cu64.5Zr35.5 (good glass former in the Cu-Zr binary system), and Cu66Zr34 MGs in 
molten states were studied and related to the GFAs of these alloys. (5) The short- 
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and medium-range orders in good glass former Cu64Zr36 from the first to the sixth 
coordination shell were investigated, in terms of size of the cluster/super-cluster 
and componential type of the cluster/super-cluster, respectively.   
 
The results of this present study may offer a simple route developed for broad 
investigations of the basic polyhedral clusters, optimum glass formers, as well as 
the composition-structure-GFA/mechanical behavior correlations. The full 
icosahedron is found to be a fundamental structural factor in determining the ease 
of glass formation. In this regard, the full icosahedra can be an indicator of GFA 
and can be used to provide an explanation for all these three good glass-forming 
compositional ranges in the Cu-Zr binary system. Furthermore, our work suggests 
that the full icosahedron is the microscopic factor that fundamentally influences 
both GFA and mechanical behavior. Besides, we propose that in the optimum glass 
former, the basic atomic structures over both short- and medium-range length 
scales have the characteristics of an icosahedral shell structure. These findings will 
have significant implications for understanding the nature, forming ability and 
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Molecular dynamic simulation 
2.1 Introduction 
The molecular dynamics (MD) simulation has been proven to be an optimum 
numerical recipe applicable to problems from materials science and condensed 
matter physics [1-5]. The basic idea of MD simulations is rather straightforward. 
Given a classical system of N particles in a confined volume with periodical 
boundary condition, the movement of particles is governed by the equations of 
motion of classical mechanics, i.e. Newton’s equation. By solving the motion 
equations of all involved particles, the MD simulation is capable of obtaining the 
trajectory of each individual particle. Simulation of the atomic configurations in 
MD merely requires an adequate incorporation of the forces among the atoms. The 
time evolution of the ensemble is then computed by integrating the equations of 




 s [2]. The position 
and velocity of each individual atom, as well as the thermodynamic and structural 
properties of the whole system on a macroscopic scale can be calculated therefore. 
MD simulation always generates information at the microscopic level, including 
atomic positions and velocities and provides us an effective tool to monitor atomic 
structural evolution in materials. So it has been adopted to resolve the atomic 
structures in metallic glasses. Some of the details about molecular dynamics 
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2.2 The potential energy 
 
MD simulation consists of the numerical, step-by-step, solution of the classical 
equations of motion, which for a simple atomic system may be written 







 ,                                  (2.1) 
where if  is the total force acting on particle i with mass im  and iE  is the 
potential energy of the system. For this purpose we need to be able to calculate the 
forces if  acting on the atoms, and these are usually derived from a potential 
energy iE .  
 
As shown in Eq. (2.1), in order to conduct the MD simulation, one should define 
the rules that govern the interaction of atoms in the system concerned, as the 
forces exerted on each atom can be calculated from the interaction. In classical 
and semi-classical simulations, these rules are often expressed in terms of the 
potential functions, which describe how the potential energy of a system depends 
on the coordinates of the atoms. It is well known that in MD simulation, the 
inter-atomic potential plays an important role, as the accuracy of the simulation in 
reproducing the experimental observation depends entirely on the accuracy of the 
inter-atomic potential [1]. Consequently, a great effort has been made to develop 
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the relevant inter-atomic potentials and until now, several models have been 
proposed for the transition metal systems, which feature various physical and 
chemical characteristics [6-10]. The simplest one is the Lennard-Jones potential 
(L-J) [11]. It is a pair potential, i.e. two-body potential, which does not incorporate 
the many-body effect, hence there are some inherent drawbacks. In the 1980s, 
significant progress was made by developing the many-body potential, especially 
for metals, based on the concept of the local electron density [12]. The main 
physical feature of the many-body potential is that the bonds become weaker when 
the local environment becomes more crowded. A variety of inter-atomic potentials 
have now been developed and are currently being used in computational materials 
science, such as the embedded atom method (EAM) [12], the modified embedded 
atom method (MEAM) [13, 14], the Finnis–Sinclair potential (F–S) [15], and the 
second-moment approximation of tight-binding potential (SMA-TB) [16-19]. 
Even if they share some similar analytical forms, these models differ vastly in the 
procedures to build the potential functions, often resulting in rather different 
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2.3 Embedded atom method (EAM)  
 
 
In 1980, Stott and Zaremba presented a quasiatom model to estimate the energy of 
an impurity in a host electronic system and stated that the energy of a quasiatom 
was a function of the host electron density, in which it was immersed [1, 20]. Also 
in 1980, Nørskov et al. put forward the concept of embedding energy and 
proposed that it could be considered as a function of the electron density [21]. 
Based on these works, Daw and Baskes developed the embedded atom method 
(EAM) [12, 22]. The basic principle of the EAM is that each atom can be viewed 
as an impurity embedded in a host consisting of all other atoms. According to the 
quasiatom model, the energy of a system consisting of N atoms is given by 
)(, hiquatstotal FE  ,                                            (2.2) 
where h  is the electron density of the host at the site of atom i but without atom 
i. )( hiF  is the embedding energy of atom i. The embedding energy represents the 
interaction between the embedded atom and the background of electron gas. The 
embedding energy also incorporates many-body contributions. In the model, each 
atom is assumed to be merged in a local uniform electron gas and the embedding 
energy is defined to be the energy of that atom in the uniform electron gas relative 
to an atom separated from the electron gas [12]. In fact, the assumption of an 
extreme locality, or a complete uniformity, is a problem. This method also 
neglects core-core repulsion. Consequently, Daw and Baskes proposed two 
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corrections to Eq. (2.2). The first is to replace the average density h in the 
embedding function by a local density ih, . The second is to insert an additional 
term in Eq. (2.2) as a correction for the core-core repulsion and the inserted term is 
assumed to take the form of a short-range pairwise repulsion between the cores 










  ,                                    (2.3) 
where ijr  is the distance between atoms i and j. )( ijij r  is considered as the pair 
potential, accounting for the two-body interaction. ih,  is the local density of the 
host at the site of atom i. A further simplification is made. It is assumed that the 
host density ih,  is approximated by a linear superposition of the contributions 





  ,                                                (2.4) 
where )( ijj r  is the contribution from atom j to the density ih, . It can also be 
considered as the electron density of atom j at the site of atom i. The embedding 
energy defined here is electron-density dependent and the electron density is 
always definable.  
 
Shortly after the EAM was developed, Daw derived a similar expression for the 
cohesive energy from the local density functional, providing a theoretical basis for 
the EAM in semi-empirical applications [23]. According to Hohenberg and Kohn 
[24], the cohesive energy of a solid can be written as 
  




























 ,   (2.5) 
where the sums over i and j are over the nuclei of the solid. Zi and Ri are the 
charge and position of the ith nucleus, respectively. The integral is understood 
here and elsewhere to be over the real space.   is the local electron density. 
)(G  is a function of the kinetic, exchange and correlation contributions to the 
energy. )(G  can approximately be divided into a sum of the contributions from 
the individual volumes 
  drgdrrrrG )(),...](),(),([)(
2  ,                      (2.6) 
where G is the density of the solid and is described by the local electron density. 
This assumption has been justified by studies of response functions in nearly 
free-electron gases. If we further assume that electron density in a solid can be 
described as a linear superposition of the electron density due to individual atoms 
such that )()( ii
a
is Rrr   , here the subscript s indicates the solid and 
superscript a indicates the atom. Using the two assumptions, Daw and Baskes[12] 






icoh EUGE   
,2
1
)( ,                               (2.7) 
the term errE  is a function of the background electron density i . Daw derives 
an expression for the optimal background density by setting errE = 0 [23]. And the 









)( ,                                       (2.8) 
Eq. (2.8) justifies the basic formula used in the EAM, i.e. Eq. (2.5). The difference 
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between Eqs. (2.8) and (2.5) is that the evaluation of the functional )(G  of the 
solid is reduced to evaluating the embedding function )( iiG   for each atom. 
 








)(  ,                                            (2.9) 
where )(rZ A  and )(rZ B  are the effective charge of atoms A and B, respectively. 
They are constructed to be positive and to decrease monotonically with increasing 
separation distance. The effective charge is computed by [25] 
)exp()1()( 0 rrZrZ 
  ,                                     (2.10) 
Here 0Z  is the number of outer (valence) electrons of an atom. The parameters , 
  and   are determined from the bulk properties of metals. The atomic density 
in the solid is assumed to be well-represented by the spherically averaged 




ss   ,                                   (2.11) 
where sn  and snn   are the numbers of outer (valence) s and d electrons, 
respectively. sn  is the total number of outer electrons. )(r
a
s  and )(r
a
d  are 
the densities associated with s and d wave functions, respectively. 
 
Likewise, )(G  can be derived using a universal function that relates the 
sublimation energy of a metal )(aE , to the lattice constant, a. Rose et al. have 
shown that for most metals, the total energy can be scaled to a simple universal 
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function of the nearest atomic distance [28-30] 
)exp()1()( 3   CEE ,                                 (2.12) 
where CE  is the cohesive energy,   is a parameter for a specific metal. For 
most materials,   is approximately equal to zero.   is a measure of the 



























 ,                                  (2.13) 
Here 0B  and   are the equilibrium bulk modulus and atomic volume, 
respectively. 
 
With the above assumptions, there are four adjustable parameters, namely ,  , , 
and sn , to determine the pair interaction, atomic density and embedding function 
for each element. For an alloy system, the electron density at any location can be 
taken as a linear superposition of the atomic electron density and the embedding 
















In a conventional molecular dynamics simulation, the equations of motion are 
solved numerically while keeping the number of atoms N and volume V of the 
system constant under certain temperature. In this case, the energy E and 
momentum p are conserved because there are no external perturbations. In 
classical thermodynamics, this is referred to as an isolated system. While an 
isolated system is easy to simulate using molecular dynamics techniques, it is 
rarely encountered in real experiments. Hence, the conventional equations of 
motion need to be extended to describe experimentally interesting conditions, such 
as constant temperature T or constant pressure P [32]. 
 
To extend the equations of motion (Hamiltonian formulation), it is useful to define 
an ensemble. An ensemble is a collection of all possible microstates that has the 
same macroscopic properties of a thermodynamic system in which we are 
interested. Depending on the experimental condition of interests, a relevant 
ensemble should be chosen. For example, an isolated system and a closed 
isothermal system correspond to the microcanonical (constant N, V and E) and 
canonical (constant N, V and T) ensemble, respectively. 
 
In this section we briefly discuss molecular dynamics methods in the NVT 
(constant number of particles–volume–temperature) ensemble. Analogous 
approaches exist for other ensembles at constant pressure or stress. 
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There are several general approaches to conducting molecular dynamics at 
constant temperature. The most convenient one is introduced by Nose (Nose, 1984) 
[33] and later generalized by Hoover (Hoover, 1985) [34]. In this method, the 
constant temperature condition is achieved by coupling the momenta of the atoms 
to an external heat bath. Another method, simple to implement and reliable, is to 
periodically reselect atomic velocities at random from the Maxwell-Boltzmann 
distribution [35]. This is rather like an occasional random coupling with a thermal 
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2.5 Periodic boundary conditions 
 
 
Simulation with a small sample size requires periodic boundary conditions to 
eliminate edge effects. Consider 1000 atoms arranged in a 101010  cube. 
Nearly half the atoms are on the outer faces, and these will have a large effect on 
the measured properties. Even for 10
6
 atoms, the surface atoms amount to 6% of 
the total, which is still nontrivial. Surrounding the cube with replicas of itself takes 
care of this problem. Provided the potential range is not too long, we can adopt the 
minimum image convention that each atom interacts with the nearest atom or 
image in the periodic array. In the course of the simulation, if an atom leaves the 
basic simulation box, attention can be switched to the incoming image. Of course, 
it is important to bear in mind the imposed artificial periodicity when considering 
properties that are influenced by long-range correlations. Special attention must be 
paid to the case where the potential range is not short, for example, charged and 










2.6 Large-scale Atomic/Molecular Massively 




In our work, MD simulation was performed based on the EAM potential in the 
NVT and NPT ensembles using the Large-scale Atomic/Molecular Massively 
Parallel Simulator (LAMMPS) code [38]. LAMMPS is a classical molecular 
dynamics simulation code designed to run efficiently on parallel computers. It was 
developed at Sandia National Laboratories, a US Department of Energy facility. It 
is an open-source code, distributed freely under the terms of the GNU Public 
License (GPL). It can model an ensemble of particles in a liquid, solid, or gaseous 
state. And it can model atomic, polymeric, biological, metallic, granular, and 
coarse-grained systems using a variety of force fields and boundary conditions. 
 
In the most general sense, LAMMPS integrates Newton's equations of motion for 
collections of atoms, molecules, or macroscopic particles that interact via short- or 
long-range forces with a variety of initial and/or boundary conditions. For 
computational efficiency LAMMPS uses neighbor lists to keep track of nearby 
particles. The lists are optimized for systems with particles that are repulsive at 
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2.7 Voronoi Tessellation Analysis 
 
Given an array of atoms, we are able to obtain a unique polyhedron associated 
with each atom, the smallest one formed by the perpendicular bisecting planes of 
the vectors between every atomic pair. Those polyhedra, also known as Voronoi 
polyhedra, contain all those points in space closer to their associated atoms than to 
any other, and are able to fill the entire space [39]. 
 
Our first objective was to identify the possible presence of building blocks, or 
‘clusters’. The first step was to resolve the local nearest-neighbour coordination. 
The coordination number (CN) can be determined unambiguously by using the 
Voronoi tessellation method, which also characterizes the local atomic 
environment. The Voronoi index of each Voronoi polyhedron <n3, n4, n5, n6, …>, 
where ni denotes the number of i-edged face of the Voronoi polyhedron and ∑ni 
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Chemical short-range order in the Cu-Zr binary 
system 
3.1 Introduction 
In the Cu-Zr metallic glasses (MGs), three good glass-forming compositional 
ranges around Cu50Zr50, Cu56Zr44, and Cu64Zr36 were reported [1, 2]. Quite a 
number of parameters based on kinetic and thermodynamic considerations have 
been proposed to evaluate the glass-forming ability (GFA) of metallic alloys 
[3-10]. However, none of the parameters can be used to provide a complete 
explanation for all three good glass-forming compositional ranges in the Cu-Zr 
binary system. For example, Turnbull’s widely used criterion that the ease of glass 
formation correlates with a highly reduced glass transition temperature Trg (= Tg/Tl, 
where Tg is the glass transition temperature and Tl is the liquidus temperature) [11], 
can only be correlated with the peak corresponding to the eutectic composition 
Cu56Zr44. On the other hand, if we rely solely on the thermodynamic driving force 
for crystallization as an indicator, the peak at Cu50Zr50 would not be expected, 
because intermetallic crystalline compound formation at Cu50Zr50 should be much 
more energetically favored over glass formation as compared to adjacent 
compositions.  
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In our work, a statistically significant number of specimens with different initial 
configurations were simulated for any given composition over the above three 
good glass-forming compositional ranges. Their local atomic structures (basic 
polyhedral clusters) were investigated using Voronoi tessellation method. Then, 
the best glass formers were derived. In addition, the composition-structure-GFA 
relationship was established based on a statistical analysis. It is to be emphasized 

























3.2 Calculation details 
 
We have performed molecular dynamics (MD) simulation using the Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) code [12, 13]. In our 
simulation, we use the embedded atom method (EAM) potential developed by 
Mendelev in Ref. 14, which was successfully employed to study Cu–Zr MGs in 
previous simulations [15-18]. The MD simulations were carried out using a super 
cell containing 16000 atoms under the periodic boundary conditions (PBC). To 
simulate a random alloy with a given composition, we randomly substituted 
appropriate amount of copper (zirconium) atoms with the same number of 
zirconium (copper) atoms in the initial B2 structure (Cu50Zr50). The NPT MD 
simulations were performed, in a temperature range from 300 K to 3200 K in steps 
of 100 K. At each temperature the MD simulation time step was taken as 1 fs and 
the simulation time for determining the properties was 20 ps, in order to “forget” 
their initial position and get well-equilibrated atomic configuration. We then 
cooled the system from 3200 K down to 300 K in 100 K decrements in the NPT 
ensemble with a quenching rate of 10 K/ps. This quenching rate is faster in order 
to ensure the final structure is amorphous. The final structures were analyzed by 
sorting out the nearest-neighbor environment of each of the atoms of all the 
species present, in terms of Voronoi (coordination) polyhedra [19, 20]. It is 
emphasized that for any given composition, the same simulation was repeated 
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more than 20 times and each time a different initial configuration was used. Any 
structural results were the average from these resulting structures in order to 
ensure a reliable statistical analysis. As a result, we believe that results of our 
statistical approach using the classical LAMMPS MD simulation with the EAM 
potentials, time scale > ns, system size > 10000 atoms, and NPT ensemble, are 




3.3 Results and discussions 
3.3.1 The basic clusters and optimum glass formers 
 
 
It is tempting to focus on the chemical short-range order (CSRO) in the glassy 
structure. Average numbers of the popular clusters (Ncluster) around Cu and Zr 
atoms over the three good glass-forming compositional ranges, from Cu49.5Zr50.5 to 
Cu52Zr48 (range I), from Cu55.5Zr44.5 to Cu57.5Zr42.5 (range II), and from Cu62.5Zr37.5 
to Cu66Zr34 (range III), are shown in Fig. 3.1. It is found that icosahedron-like 
clusters Cu6Zr7, Cu7Zr6, and Cu8Zr5 are the most popular polyhedral clusters in the 
relative three good glass-forming compositional ranges, respectively. The 
requirements for the appropriate basic cluster units for the forming of MGs can be 
derived from the common characteristics in these three icosahedral-like clusters. 
One common characteristic is found. It is a short distance between cluster 
composition and eutectic point, and the clusters with small distance to eutectic 
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points favor glass formation from the viewpoint of kinetics. The distances between 
the three basic polyhedral clusters (Cu6Zr7, Cu7Zr6, and Cu8Zr5) and the eutectic 
points (Cu45.7Zr54.3, Cu56Zr44, and Cu61.8Zr38.2) are 0.5%, 2.2%, and 0.3%, 
respectively.  
 
In MGs, these basic polyhedral clusters are tightly connected via sharing atoms at 
vertices, edges or faces, as pointed out by Miracle [3] and Sheng et al. [4]. 
However, they also pointed out that such kinds of cluster packing can’t continue 
beyond the length scale of a few clusters owing to the internal strains. Recently, 
Ma et al. [21] shows that the clusters are in fact connected via a fractal network 
with reduced dimensionality. Regions between clusters are empty or occupied by 
lone atoms that do not form clusters. The former is related to the free volumes, 
whereas the latter could be termed as glue atoms that connect the clusters. In 
Cu-Zr binary system, when glue atoms are added to connect the basic cluster up, 
optimum compositions with high GFA become Cu6Zr7+Cu=Cu0.50Zr0.50, 
Cu7Zr6+Cu=Cu0.571Zr0.429, and Cu8Zr5+Cu=Cu0.643Zr0.357, in good agreement with 
the reported experimental results [1]. It is to be emphasized that all three best glass 
formers can be simultaneously predicted. A small error in the optimum 
composition may be induced due to the assumption that the glue atoms are entirely 
one type of atom. In reality the glue atoms could be a mixture of Cu and Zr atoms. 
Cu atoms should be dominant among the glue atoms for the alloys with high GFA, 
because Cu atoms have a smaller atomic radius than Zr atoms, which may cause 
the denser packing and better GFA accordingly.   
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Our above finding indicates that the criterion of near-eutectic composition applies 
to the basic polyhedral cluster units (Cu6Zr7, Cu7Zr6, and Cu8Zr5), rather than 
optimum compositions with high GFA (Cu0.50Zr0.50, Cu0.571Zr0.429, and 
Cu0.643Zr0.357). It is reasonable that the optimum compositions with high GFA are 
likely to deviate from the eutectic point, after the relative near-eutectic polyhedral 
cluster unit is connected by the glue atom. For example, Cu6Zr7 basic polyhedral 
cluster corresponds to eutectic point Cu45.7Zr54.3. After a glue atom is added to 
connect basic polyhedral clusters up, optimum composition with high GFA 
becomes Cu0.50Zr0.50 (Cu6Zr7+Cu=Cu0.50Zr0.50), which is off-eutectic.  
 
As previously reported by Wang et al. [22] and Xia et al. [23], Cu5Zr6, Cu6Zr5, and 
Cu8Zr5 clusters were selected as the basic units for the forming of MGs. However, 
design of Cu5Zr6- and Cu6Zr5-based MGs was not successful except Cu8Zr5-based 
MGs. Our finding is more practical according to the above analysis. Our analysis 










Figure 3.1: The average numbers of the three most common clusters (Ncluster) 
around Cu and Zr atoms, (a) in range I from Cu49.5Zr50.5 to Cu52Zr48, (b) in range II 
from Cu55.5Zr44.5 to Cu57.5Zr42.5, and (c) in range III from Cu62.5Zr37.5 to Cu66Zr34. 
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3.3.2 Topological short-range order of the basic 
cluster 
 
Figure 3.2(a) shows the popular types of Voronoi polyhedra of the basic clusters in 
the relative three compositional ranges. In range I, the basic polyhedral clusters 
Cu6Zr7 exist mainly in the form of distorted icosahedra (Voronoi index <0,2,8,2>), 
while the basic polyhedral clusters Cu7Zr6 in range II and the basic polyhedral 
clusters Cu8Zr5 in range III exist mainly in the form of full icosahedra (Voronoi 
index <0,0,12,0>). The representative icosahedrons-like clusters Cu6Zr7 with 
index of <0,2,8,2>, Cu7Zr6 and Cu8Zr5 with index of <0,0,12,0>, randomly 
extracted from the final atomic configuration in the relative three compositional 
ranges, are plotted in Fig. 3.2(b), Fig. 3.2(c), and Fig. 3.2(d), respectively. In 
addition, the numbers of distorted icosahedra (Voronoi index <0,2,8,2> and 
<0,3,6,3>) are slightly changed with increasing Cu content, while the number of 
full icosahedra increases dramatically. It is clear that the topological ordering of 
the basic polyhedral clusters in the three ranges depends strongly on composition, 






































Figure 3.2: (a) The average numbers of the three most popular types of Voronoi 
polyhedra (Npolyhedra) of the basic clusters, in range I from Cu49.5Zr50.5 to Cu52Zr48, 
in range II from Cu55.5Zr44.5 to Cu57.5Zr42.5, and in range III from Cu62.5Zr37.5 to 
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3.3.3 Composition-structure-GFA correlation 
 
Correlations between parameters describing atomic structure of MGs and their 
properties have been the focus of many studies since atomic structure determines 
the properties of materials. Unfortunately, in the Cu–Zr alloy, there exist 
discrepancies between the monotonic behaviors of structural parameters and the 
nonlinear variation in the GFAs of amorphous Cu100−xZrx alloys [24-30]. In the 
present work, another key finding of the present study is that the 
composition-structure-GFA correlation can be established based on average 
number of the basic polyhedral cluster, as shown in Fig. 3.3. Certain peaks show 
up. Two peaks around Cu50.125Zr49.875 and Cu51Zr49 in range I, two peaks at 
Cu55.75Zr44.25 and Cu56.75Zr43.25 in range II, and three peaks at Cu63.25Zr36.75, 
Cu64.25Zr35.75, and Cu65.25Zr34.75 in range III could represent GFA enhancement. 
Because from the kinetic and thermodynamic points of view, high concentration of 
eutectic clusters favor glass formation [31]. In addition, these alloy compositions 
with enhanced GFA are very consistent with the previously reported experimental 
[1, 32-35] and simulation [36-38] results. Cu50Zr50 [32, 35, 36] and Cu64.5Zr35.5 [34] 
are well known to be the two best glass formers in the Cu-Zr alloy. Recently, 
Cu51.5Zr48.5 [33] and Cu56Zr44 [1] have been reported to have good GFA. 
Furthermore, glass formation was also observed in Cu64Zr36 [1] and Cu65Zr35 [35, 
37]. Therefore, using statistical analysis, the composition-structure-GFA 
relationship based on basic polyhedral cluster is established. In this regard, 
average number of the basic polyhedral cluster can be a universal indicator of GFA 
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over a broad compositional range in the Cu-Zr system.  
 
It is to be emphasized that for any given composition, a statistically significant 
number of specimens with different initial configurations were simulated to 
estimate the error bars. In previous studies, however, such statistical analysis was 
rarely carried out to investigate the composition-structure-GFA relationship. In the 
present work, we not only performed this statistical analysis but also used a high 
compositional resolution up to 0.125%. Earlier studies of the compositional 
dependence of the physical properties of MGs have been carried for limited 
compositional ranges and widely scattered data points [23], and therefore were 
unable to reveal the detailed trends. The continuous composition and statistical 
analysis of our study allowed us to establish the compositional dependence of the 
GFA based on average number of the basic polyhedral cluster over broad 


















Figure 3.3: The average numbers of the basic clusters (Ncluster), (a) over the entire 
range, (b) in range I from Cu49.5Zr50.5 to Cu52Zr48, (c) in range II from Cu55.5Zr44.5 




















In conclusion, based on a statistical analysis, we have developed a new analytical 
route for broad investigations of the basic polyhedral clusters, best glass formers, 
as well as the composition-structure-GFA relationship in glass-forming alloy 
systems. Using the Cu-Zr binary system, we have shown that in the three good 
glass-forming compositional ranges, the basic polyhedral cluster units are Cu6Zr7, 
Cu7Zr6, and Cu8Zr5, respectively. After glue atoms are added to connect basic 
polyhedral cluster up, best glass formers occur. Moreover, 
composition-structure-GFA correlation has also been established based on average 











Chapter 3 Chemical short-ranger order in the Cu-Zr binary system  
 48 
References 
1: Y. Li, Q. Guo, J. A. Kalb, and C. V. Thompson, Science 322, 1816 (2008). 
2: Y. Li, S. J. Poon, G. J. Shiflet, J. Xu, D. H. Kim, and J. F. Löffler, MRS Bull. 32, 
624 (2007). 
3: D. B. Miracle, Nature Mater. 3, 697-702 (2004). 
4: H. W. Sheng, W. K. Luo, F. M. Alamgir, J. M. Bai, and E. Ma, Nature (London) 
439, 419 (2006). 
5: D. B. Miracle, Acta Mater. 54, 4317-4336 (2006). 
6: E. S. Park, D. H. Kim, and W. T. Kim, Appl. Phys. Lett. 86, 061907 (2005).  
7: Z. P. Lu and C. T. Liu, Acta Mater. 50, 3501 (2002). 
8: A. Inoue, Acta Mater. 48, 279 (2000). 
9: Y. Q. Cheng, H. W. Sheng, and E. Ma, Phys. Rev. B 78, 014207 (2008). 
10: D. H. Xu, B. Lohwongwatana, G. Duan, W. L. Johnson and C. Garland, Acta 
Mater. 52, 2621 (2004). 
11: D. Turnbull, Contemp. Phys. 10, 473 (1969). 
12: Z. D. Sha, Y. P. Feng, and Y. Li, Appl. Phys. Lett. 96, 061903 (2010). 
13: Z. D. Sha, R. Q. Wu, Y. H. Lu, L. Shen, M. Yang, Y. Q. Cai, Y. P. Feng, and Y. 
Li, J. Appl. Phys. 105, 043521 (2009). 
14: M. I. Mendelev, M. J. Kramer, R. T. Ott, D. J. Sordelet, D. Yagodin, and P. 
Popel, Philos. Mag. 89, 967 (2009). 
15: M. I. Mendelev, D. J. Sordelet, and M. J. Kramer, J. Appl. Phys. 102,043501 
(2007). 
16: M. I. Mendelev, D. K. Rehbein, R. T. Ott, M. J. Kramer, and D. J. Sordelet, J. 
Appl. Phys. 102, 093518 (2007). 
17: S. Q. Wu, C. Z. Wang, S. G. Hao, Z. Z. Zhu, and K. M. Ho, Appl. Phys. Lett. 
97, 021901 (2010). 
18: Y. L. Sun, J. Shen, and A. A. Valladares, J. Appl. Phys. 106, 073520 (2009). 
19: N. Jakse and A. Pasturel, Appl. Phys. Lett. 93, 113104 (2008). 
20: T. Fujita, K. Konno, W. Zhang, V. Kumar, M. Matsuura, A. Inoue,T. Sakurai, 
and M.W. Chen, Phys. Rev. Lett. 103, 075502 (2009). 
21: D. Ma, A. D. Stoica, and X. L. Wang, Nature Mater. 8, 30 (2009). 
22: Q. Wang, C. Dong, J. B. Qiang, and Y. M. Wang, Mater. Sci. Eng. A 449–451, 
18-23 (2007). 
23: J. H. Xia, J. B. Qiang, Y. M. Wang, Q. Wang, and C. Dong, Appl. Phys. Lett. 
88, 101907 (2006). 
24: A. Inoue, N. Nishiyama, Mater. Res. Bull. 32, 651 (2007). 
25: T. Egami, S. J. Poon, Z. Zhang, and V. Keppens, Phys. Rev. B 76, 024203 
(2007). 
26: H. X. Li, J. E. Gao, Z. B. Jiao, Y. Wu, and Z. P. Lu, Appl. Phys. Lett. 95, 
161905 (2009).  
27: C. E. Packard and C. A. Schuh, Acta Mater. 55, 5348 (2007) 
28: D. C. Hofmann, J. Y. Suh, A. Wiest, G. Duan, M. L. Lind, M. D. Demetriou, 
and W. L. Johnson, Nature (London) 451,1085-U3 (2008). 
29: B. Busch, J. Schroers, and W. H. Wang, Mater. Res. Bull. 32, 620 (2007). 
30: X. J. Gu, S. J. Poon, G. J. Shiflet, and M. Widom, Appl. Phys. Lett. 92, 161910 
(2008). 
31: Z. P. Lu, J. Shen, D. W. Xing, J. F. Sun, and C. T. Liu, Appl. Phys. Lett. 89, 
  
Chapter 3 Chemical short-ranger order in the Cu-Zr binary system  
 49 
071910 (2006). 
32: M. B. Tang, D. Q. Zhao, M. X. Pan, and W. H. Wang, Chin. Phys. Lett. 21, 901 
(2004).  
33: W. F. Wu and Y. Li, Appl. Phys. Lett. 95, 011906 (2009).  
34: D. Wang, Y. Li, B. B. Sun, M. L. Sui, K. Lu, and E. Ma, Appl. Phys. Lett. 84, 
4029 (2004). 
35: J. C. Lee, K. W. Park, K. H. Kim, E. Fleury, B. J. Lee, M. Wakeda, and Y. 
Shibutani, J. Mater. Res. 22, 3087 (2007). 
36: T. Abe, M. Shimono, M. Ode, and H. Onodera, J. Alloys Compd. 434, 152 
(2007).  
37: L. Xia, S. S. Fang, Q. Wang, Y. D. Dong, and C. T. Liu, Appl. Phys. Lett. 88, 
171905 (2006).  




Chapter 4 Statistical composition-structure-property (glass-forming ability) correlation based




The quantitative composition-structure-property 
(glass-forming ability) correlation based on the full 
icosahedra in the Cu-Zr metallic glasses 
4.1 Introduction 
An icosahedral short-range order has been found to prevail in a large number of 
amorphous alloys [1-9]. And full icosahedra (Voronoi index <0,0,12,0>) are 
responsible for the slowing down of relaxation dynamics, whereas other types of 
polyhedra do not show such a property [8, 10]. However, a quantitative 
composition-structure-GFA relationship based on full icosahedra is still lacking. 
 
In our work, we carried out molecular dynamics (MD) simulation on a statistically 
significant number of specimens with different initial configurations for any given 
composition over the three good glass-forming compositional ranges, from 
Cu49.5Zr50.5 to Cu52Zr48 (range I), from Cu55.5Zr44.5 to Cu57.5Zr42.5 (range II), and 
from Cu62.5Zr37.5 to Cu66Zr34 (range III) [11]. The Voronoi tessellation method was 
employed to analyze the structures. Weak but significant peaks in the fraction of 
the Cu-centered full icosahedra were observed over all three good glass-forming 
compositional ranges, suggesting that the fraction of the Cu-centered <0,0,12,0> 
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full icosahedra can be an indicator of GFA that can be easily computed and can 




4.2 Calculation details 
 
We have performed MD simulation based on the embedded atom method (EAM) 
potential in the NPT (constant number of particles–pressure–temperature) 
ensemble using the Large-scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) code [12-15]. See the section 3.2 for the calculation details. It is 
emphasized that for any given composition, the same simulation was repeated 
more than 20 times and each time a different initial configuration was used. Any 
structural results were the average from these resulting structures in order to 
ensure a reliable statistical analysis. Therefore, we believe that results of our 
statistical approach using the classical LAMMPS MD simulation with the EAM 
potentials, time scale > ns, system size > 10000 atoms, and NPT ensemble, are 
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4.3 Results and discussions 
 
 
The average fraction of the Cu-centered full icosahedra (fico) over the three 
compositional ranges, from Cu49.5Zr50.5 to Cu52Zr48 (range I), from Cu55.5Zr44.5 to 
Cu57.5Zr42.5 (range II), and from Cu62.5Zr37.5 to Cu66Zr34 (range III), is shown in Fig. 
4.1, in which the overall trend shows increase. However, certain peaks show up. 
Two peaks at Cu50.125Zr49.875 and Cu51Zr49 in range I, a peak at Cu55.625Zr44.375 in 
range II, and peaks at Cu63.375Zr36.625, Cu64.5Zr35.5, and Cu65.25Zr34.75 in range III 
coincide with GFA enhancement, according to previously reported experimental 
[11, 16-19] and simulation [20, 21] results. Cu50Zr50 [16, 19, 20] and Cu64.5Zr35.5 
[18] are well known to be the two best glass formers in the Cu-Zr alloy. Recently, 
Cu51.5Zr48.5 [17] and Cu56Zr44 [11] have been reported to have good GFA. 
Furthermore, glass formation was also observed in Cu64Zr36 [11] and Cu65Zr35 [19, 
21], respectively. By the same approach, however, the trends of other dominant 
types of Voronoi polyhedra around Cu, such as <0,2,8,2>, <0,3,6,3>, <0,2,8,0>, 
and <0,3,6,1>, are inconsistent with the trend of GFA. For example, the trend of 
Cu-centered <0,2,8,0> polyhedron as a function of composition is relatively 
featureless, as shown in Fig. 4.2. The good match between peaks of fico and GFA 
enhancement indicates that the change in the fraction of the Cu-centered full 
icosahedra is a fundamental structural factor in determining the ease of glass 
formation. Using statistical analysis, we are able to establish a relationship 
between composition glass and its GFA, based on fico. In this regard, the average 
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fraction of Cu-centered <0,0,12,0> full icosahedra of the amorphous phase can be 
an indicator of GFA over a broad compositional range in the Cu-Zr binary system 
and can be used to provide an explanation for all three good glass-forming 
compositional ranges.  
 
As shown in Fig. 4.1(a), earlier studies of the compositional dependence of the fico 
have been carried for limited compositional ranges and widely scattered data 
points, and therefore were unable to reveal the detailed compositional dependence 
of GFA based on fico. The continuous composition and statistical analysis of our 
study allowed us to establish a quantitative compositional dependence of the GFA 
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Figure 4.1: The average fraction of Cu-centered <0,0,12,0> full icosahedra (fico), (a) 
over the entire range, (b) in range I from Cu49.5Zr50.5 to Cu52Zr48, (c) in range II 
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Figure 4.2: The average fraction of Cu-centered <0,2,8,0> polyhedron (f), (a) over 
the entire range, (b) in range I from Cu49.5Zr50.5 to Cu52Zr48, (c) in range II from 
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In the above three composition ranges, the packing geometry as well as the 
chemical make-up of the local motifs change with composition. The average Cu to 
Zr ratio in the first shell of the center Cu atom inside the full icosahedra changes 
from 5:7 in range I, to 6:6 in range II, and to 7:5 in range III, respectively. 
Therefore, even though these full icosahedra at various compositions are similar 
from the topological viewpoint, they should not be treated as identical clusters in 
the physical or chemical sense. Furthermore, this change in the ratio of Cu to Zr 
moves the effective atomic size ratio closer to that required for ideal icosahedral 
packing [22], topologically promoting the formation of full icosahedra around Cu 
[10，15]. The trend of the average number of the dominant Cu-centered clusters 
with Voronoi index <0,0,12,0> ( clustericoN ) in the three compositional ranges is 
shown in Fig. 4.3. This trend is more sensitive to composition. And it is consistent 
with the trend of Cu-centered <0,0,12,0> full icosahedra shown (see Fig. 4.1), 




















Chapter 4 Statistical composition-structure-property (glass-forming ability) correlation based







Figure 4.3: The average number of the dominant Cu-centered clusters with 
Voronoi index <0,0,12,0> ( clustericoN ), (a) over the entire range, (b) in range I from 
Cu49.5Zr50.5 to Cu52Zr48, (c) in range II from Cu55.5Zr44.5 to Cu57.5Zr42.5, and (d) in 
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In conclusion, to investigate the compositional dependence of the GFA in Cu-Zr 
binary system, a statistically significant number of specimens with different initial 
configurations were simulated for any given composition. The Voronoi tessellation 
method was employed to analyze their structures. Any structural results were the 
average from these resulting structures. Peaks in fico over broad compositional 
ranges with high resolution were observed, which implies that the 
composition-GFA relationship can be established based on the fico. In this regard, 
the fico of the amorphous phase can be an indicator of GFA over a broad 
compositional range in the Cu-Zr binary system and can explain the correlation 
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The fundamental structural factor in determining 
the glass-forming ability and mechanical behavior 
in the Cu-Zr metallic glasses 
5.1 Introduction 
In the previous two chapters, we have investigated the atomic-level structure of 
the Cu-Zr binary system in a wide compositional range with high resolution from 
the viewpoints of both topological short-range order and chemical short-range 
order. Molecular dynamics (MD) simulation was performed based on the 
embedded atom method (EAM) potential in the NPT (constant number of 
particles–pressure–temperature) ensemble using the large-scale atomic/molecular 
massively parallel simulator (LAMMPS) code. However, the density of 
amorphous phase obtained by the above MD simulation is lower than the 
experimental value. And the trend of density as a function of composition is linear, 
which is inconsistent with its trend observed in experiment [1]. 
 
In this chapter, MD simulation was performed based on the EAM potential in the 
NVT ensemble. Three questions have been addressed: (1) A significant hump in 
trend of the total coordinate number (CN) around Cu and Zr atoms was observed. 
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(2) The composition-structure-glass forming ability (GFA) correlation was 
established. And the atomic-level origin of this correlation was tracked down. (3) 
The composition-structure-mechanical property correlation was also established. 
And our work substantiated why the increased strength and reduced overall plastic 
strain observed as Cu concentration increases in Cu-Zr alloy. It was found that the 
Cu-centered full icosahedron is the microscopic factor that fundamentally 


























Chapter 5 The fundamental structural factor in determining the glass-forming ability and  




5.2 Calculation details 
The conventional simulation on amorphous alloys is performed with the EAM 
potential, time scale > ns, system size > 10000 atoms, and NPT ensemble [2-10]. 
In this chapter, MD simulations were performed based on the EAM potential in 
the NVT ensemble using LAMMPS code. Firstly the volume of the super cell 
determined by the experimental density of the amorphous phase was fixed in the 
‘melting-and-quenching’ procedures [11, 12]. Finally the super cell volume was 
adjusted corresponding to zero external pressure and the resulting structure was 
further optimized using the conjugate gradient method to obtain the inherent 
structure. The inherent structure was analyzed by sorting out the nearest-neighbor 
environment of each atom of all species present, in terms of the Voronoi 
polyhedral [13]. The density of the final glass structure was checked to be within 
1.5% error of the experimental one, instead of ~ 3% for conventional simulation 
approach.  
 
The mechanical property of Cu-Zr amorphous alloys was investigated by applying 
a uniaxial tensile deformation along one of the three independent directions at 300 
K. The sample size is allowed to change freely along the other two directions to 
satisfy zero-stress boundary conditions. The loading was applied by increasing the 
sample length by 
4105   along the Z-axis every 1000 time steps. Temperature in 
the NVT and NPT ensembles is controlled applying the Nosé-Hoover chain 
method. 
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5.3 Results and discussions 
5.3.1 Trend of the total coordinate number 
 
 
Figure 5.1 shows trend of total CN around Cu and Zr atoms obtained from the 
conventional simulation approach and our approach, respectively. The trend of CN 
obtained from the conventional simulation approach is totally linear. This is 
inconsistent with the nonmonotonic trend of physical properties such as GFA in 
this compositional range, in which good glass former are usually reported around 
Cu63Zr37 ~ Cu65Zr35 according to the experimental results [1, 14-16]. In our 
approach, however, a significant hump in the trend of CN is observed around 
Cu63.5Zr36.5, corresponding to GFA enhancement according to the efficient denser 
packing model [17-19]. It is emphasized that this is the first time that hump is 
observed in trend of CN in simulation. And the trend of CN shows a good 
agreement with the trend of physical properties such as GFA. As a result, our 
simulation approach is believed to be more accurate to give a description of the 
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Figure 5.1: Trends of total coordinate number around Cu and Zr atoms obtained 
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5.3.2 The microscopic factor in determining both 
GFA and mechanical behavior  
 
Figure 5.2(a) displays populations and representative motifs of the five most 
populous Cu-centered Voronoi polyhedra types. Each of the other types is below 
5%. Trends of these various Voronoi polyhedra around Cu as a function of 
composition are presented in Fig. 5.2(b-g). An interesting finding is that trend of 
the Cu-centered full icosahedra (Voronoi index <0,0,12,0>) also exhibits a hump 
behavior, consistent with trends of GFA. In comparison, trends of the other types 
of Voronoi polyhedra are relatively featureless. When looking in more detail, the 
increase of the Cu-centered full icosahedra is at the expense of the polyhedra 
<0,2,8,0> and <0,3,6,1>. In addition, trend of all icosahedra including full 
icosahedra and distorted icosahedra (Voronoi index <0,2,8,2> and <0,3,6,3>) is 
shown in Fig. 5.2(h). The dominant chemical make-up of the Cu-centered full 
icosahedra is Cu8Zr5. Its trend as a function of composition is shown in Fig. 5.2(I). 
The two trends also exhibit a hump behavior. All these observations suggest that 
the correlation with GFA in the Cu-Zr binary system is a unique feature of the 
Cu-centered full icosahedra. 
  
Chapter 5 The fundamental structural factor in determining the glass-forming ability and  





Figure 5.2: (a) Populations and representative motifs of the five most populous 
Cu-centered Voronoi polyhedra types. Trends of various Voronoi polyhedra as a 
function of composition are presented in (b), (c), (d), (e), (f), and (g) respectively. 
(h) Trend of all icosahedra (<0,0,12,0>+<0,2,8,2>+<0,3,6,3>). (i) Trend of 
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Besides the composition-structure-GFA correlation, the composition-structure- 
mechanical property correlation was also established. As we can see, a weak but 
significant hump is observed in trend of the elastic modulus as a function of 
composition shown in Fig. 5.3, consistent with trend of the Cu-centered full 
icosahedra (see Fig. 5.2). Cheng et al. have investigated the evolution of the 
fractions of the different polyhedra during deformation [2]. It is found out that the 
external stress is to break loose the full icosahedra. Consequently, the more full 
icosahedra, the more external stress is required, so that the material is stronger. On 
the other hand, since the stress mainly acts on the Cu-centered full icosahedra, the 
strain is more likely to localize when there are more Cu-centered full icosahedra. 
This may be the source of the decreased plasticity observed in experiment [20]. 
Indeed, in our simulation, trend of Poisson’s ratio as a function of composition 
shown in Fig. 5.3 is opposite to that of the elastic modulus. Figure 5.3 
substantiates the increased strength and reduced overall plastic strain observed as 
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MD simulations were performed on a statistically significant number of specimens 
with different initial configurations for any given composition in Cu-Zr binary 
system. A significant hump in trend of the coordinate number was observed, 
indicating our simulation approach is more accurate to give a description of the 
atomic structure in MGs. The composition-structure-GFA correlation was 
established and the effective structural unit responsible for the GFA enhancement 
is the Cu-centered full icosahedra. In addition, the 
composition-structure-mechanical property correlation was also established. Our 
work substantiated why the increased strength and reduced overall plastic strain 
observed as Cu concentration increases in Cu-Zr alloy. Our findings suggest that 
the Cu-centered full icosahedron is the structural feature that has large influence 
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Liquid behaviors of binary Cu100-xZrx (34, 35.5, and 
38.2 at .%) metallic glasses 
6.1 Introduction 
Based on the fact that most metallic glasses (MGs) are made from melts by 
quenching techniques [1-3], it is useful to investigate their molten structure. To 
clarify this issue on a more quantitative level, we investigated local atomic 
structures and thermophysical properties of binary Cu61.8Zr38.2, Cu64.5Zr35.5, and 
Cu66Zr34 MGs in molten states and relate them to the glass-forming ability (GFA) 
of these alloys. The Cu64.5Zr35.5 is well known to be the best glass former in the 
Cu-Zr alloy. Computer simulation using the large-scale atomic/molecular 
massively parallel simulator (LAMMPS) method is able to provide detailed 
atomic structural information which experiments have limited access. We report 
calculated pair distribution functions g(r), distributions of Voronoi clusters (VCs) 
with different coordination numbers (CNs), and mean square displacements 
(MSDs) of Cu and Zr atoms in Cu61.8Zr38.2, Cu64.5Zr35.5, and Cu66Zr34 melts.  
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6.2 Results and discussions 
6.2.1 Pair distribution function 
 
For a molten multi-component alloy, the pair distribution function g(r) is an 














                 (6.1) 
where N denotes the number of atoms in the simulation cell, V is the volume of the 
same cell, and n(r) the number of particles which can be found in the shell from r 
to r+ r . The calculated total pair distribution functions (PDF) of molten 
Cu61.8Zr38.2, Cu64.5Zr35.5, and Cu66Zr34 are illustrated in Fig. 6.1. No splitting of the 
second peaks is observed. And the shell numbers of these three alloys are almost 

















Figure 6.1: Pair distribution functions g(r) for Cu61.8Zr38.2, Cu64.5Zr35.5, and 
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6.2.2 Distributions of Voronoi clusters with 
different coordination numbers 
 
To further examine the differences in the local structures, we employ the Voronoi 
tessellation method by setting a cutoff distance of 3.6 Å [9, 10]. Total fractions of 
various VCs centered at Cu and Zr atoms with different coordination numbers 
(CNs) in the Cu61.8Zr38.2, Cu64.5Zr35.5, and Cu66Zr34 molten alloys are shown in Fig. 
6.2. It is clear that VCs with CN=11 are dominant in all three molten alloys. In 
addition, Cu61.8Zr38.2 contains slightly more VCs with CN=9 and 10 but less VCs 
with CN=12 and 13, compared to Cu64.5Zr35.5 and Cu66Zr34. Similarly, Cu66Zr34 
contains slightly more VCs with CN=13 and 14 but less VCs with CN=9 and 10 
than Cu61.8Zr38.2 and Cu64.5Zr35.5. More importantly, Cu64.5Zr35.5, the best glass 
former among the three alloys being considered, has the highest concentration of 
VCs with CN=12. Most of the VCs with CN=12 are in the form of distorted 
icosahedra with indices <0,3,6,3>, <0,2,8,2> and <0,4,4,4>, and concentrations of 
<0,2,8,2> and <0,4,4,4> are relatively higher in molten Cu64.5Zr35.5, as shown in 
Table 6.1. In addition, it is worth noting that the Cu-centered VCs with indexes of 
<0,2,8,2> and <0,4,4,4> have the same tendency mentioned above, indicating the 











Figure 6.2: Total fractions of Voronoi clusters (VCs) with different coordination 
numbers (CNs) for the Cu61.8Zr38.2, Cu64.5Zr35.5, and Cu66Zr34 molten alloys 
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We further compared the local cluster structure of molten Cu61.8Zr38.2, Cu64.5Zr35.5, 
and Cu66Zr34. For Cu-centered clusters with CN=12, the majority clusters are 
Cu8Zr5 and Cu9Zr4. Compared to Cu61.8Zr38.2 and Cu66Zr34, high numbers of 
Cu-centered Cu8Zr5 and Cu9Zr4 clusters are observed in molten Cu64.5Zr35.5 alloy, 
as shown in Table 6.1.  
 
Table 6.1: The fractions of the Voronoi clusters (VCs) with indexes of <0, 2, 8, 2> 
and <0, 4, 4, 4>, respectively, the fractions of the Cu-centered VCs with indexes of 
<0, 2, 8, 2> and <0, 4, 4, 4>, respectively, the numbers of the Cu-centered Cu8Zr5 
and Cu9Zr4 clusters, respectively, and the diffusion coefficients of Cu and Zr 





























Cu61.8Zr38.2 3.90/2.37 3.12/2.20 440/386 31012.3   
31024.2/   
Cu64.5Zr35.5 4.31/2.60 3.52/2.37 492/546 31008.3   
31020.2/   
Cu66Zr34 4.08/2.48 3.39/2.13 460/530 31020.3   
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The viscosity of a molten liquid is related to the diffusivity of the liquid atoms and 







              (6.2) 
where  is a jump distance of the order of atomic dimensions and D is the 
diffusion coefficient. Moreover, the viscosity of a molten liquid is associated with 
the liquid fragility [15-18]. Therefore, the viscosity in the molten liquid state is an 
important kinetic parameter, which may influence the GFA of the alloy as well as 
its fragility. Hence, atom displacements of different chemical species should be 
studied as a function of time in order to simulate diffusion and the value of the 
MD time window becomes a critical parameter in estimating values of diffusion 
coefficients. For this reason, the mean square displacements (MSDs) of Cu and Zr 
atoms are obtained at temperatures in the liquid phase as they can provide 
qualitative information on how the different chemical species evolve with time 
and with different chemical environments. This is shown in Fig. 6.3 for 








r t r t r
N 
                (6.3) 
where ( )ir t is the atomic position of atom i at time t and .  represents the 
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thermal average. As expected, the MSDs of both Cu and Zr atoms in all molten 
alloys increase linearly with time. However, the MSDs of Cu and Zr atoms in 
Cu64.5Zr35.5 molten alloy have a smaller rate of increase, compared with those in 
Cu61.5Zr38.5 and Cu66Zr34 molten alloys, implying that atomic diffusion in the 
Cu64.5Zr35.5 molten alloy is slower. The reduced atomic diffusivity in Cu64.5Zr35.5 
liquid would retard its local atomic rearrangements and crystal nucleation rate, and 
thus benefits its glass formation. To show the effect on atomic diffusivity more 
clearly, we derived the diffusion coefficients (D) of Cu and Zr atoms in Cu61.8Zr38.2, 
Cu64.5Zr35.5, and Cu66Zr34 molten alloys from the slope of MSD-time curves, and 
the results are shown in Table 6.1. The reduced diffusive motion of Cu and Zr 
atoms are observed in Cu64.5Zr35.5 molten alloy. From the above results of the local 
cluster structures analysed by Voronoi tessellation method, the lower atomic 
mobility in Cu64.5Zr35.5 molten alloy could be due to the high concentrations of 
VCs with indexes of <0,2,8,2> and <0,4,4,4>, and high numbers of Cu-centered 
Cu8Zr5 and Cu9Zr4 clusters. These effects would benefit glass formation in 














Figure 6.3: Mean square displacements of (a) Zr and (b) Cu atoms in Cu61.8Zr38.2, 
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From the perspective of local structures, it has been accepted that the 
microstructure of CuZr MG contains small sized clusters basically of 
icosahedral-like order [19, 20]. Yang et al. have demonstrated the existence of 
icosahedron-like clusters (Cu8Zr5 centered by Cu atoms) in the Cu61.8Zr38.2, 
Cu64Zr36, and Cu64.5Zr35.5 amorphous alloys [21]. In addition, Xia et al. suggested 










+Cu=Cu64.3Zr35.7 [22]. Similarly, minor alloying of the Cu8Zr5 icosahedral 
cluster composition by Nb, Sn, Mo and Ag significantly improved the GFAs and a 










 + glue atom cluster”. However, there is an error in the 
optimum composition, due to the assumption that the glue atoms are entirely one 
type of atom. In reality the glue atoms could be a mixture of Cu and Zr atoms. But 
Cu atoms should be dominant among the glue atoms for the alloys with good 
GFAs, because the fact that Cu atoms have a smaller atomic radius than Zr atoms 
causes the denser packing and better GFA accordingly. This is the reason why 












We have investigated the correlations between the liquid behaviors of Cu61.8Zr38.2, 
Cu64.5Zr35.5, and Cu66Zr34 amorphous alloys and their GFAs based on the 
LAMMPS simulation. In Cu64.5Zr35.5 alloy, we observed higher concentrations of 
VCs with indexes of <0,2,8,2> and <0,4,4,4>, high numbers of Cu-centered 
Cu8Zr5 and Cu9Zr4 clusters, and reduced atomic diffusivity in liquid. These make 
the liquid more viscous, and thus enhance the GFA. Meanwhile, from the 
viewpoints of local clusters structure, the majority of the glue atom is Cu in 
Cu64.5Zr35.5 amorphous alloy, which causes denser packing of system and better 
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Short-to-medium-range order in the Cu-Zr metallic 
glasses 
7.1 Introduction 
Unlike crystalline metals, metallic glasses (MGs) have no long-range translational 
or orientational order, although some degrees of short- and medium-range order 
do exist. Despite intense research activity on MGs and relentless pursuit of their 
structural description [1-5], the details of how the atoms are packed remain 
elusive.  
 
Solute-centered clusters, rather than individual atoms, can be viewed as the basic 
local structural motif or short-range order in MGs [6, 7]. Idealized cluster packing 
schemes, such as efficient cluster packing on a cubic lattice [8] and icosahedral 
packing [6] as in a quasicrystal, have been proposed and provided first insights on 
the medium-range order in MGs. However, these cluster packing schemes 
addressed mainly the low solute concentration regime [9]. Moreover, these 
packing schemes break down beyond a length scale of a few clusters [10]. In the 
present work, we elucidated the short-range order as well as the nature of the 
medium-range order from the first to the sixth coordination shell up to 15.3 Å 
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length scale in the good glass former Cu64Zr36. In the first three coordination shells, 
the total number of atoms within the nth coordination shell N is, in fact, 13, 61, 
and 169. And the number of atoms on the nth coordination shell is 12n
2
. Besides, 
we recognized that the basic atomic structure within the medium range could be 
obtained from a central icosahedron surrounded by a shell of 12n
2
 atoms. From the 
fourth coordination shell on, the total number of atoms is consistent with that in an 
icosahedral shell structure. Our study indicates that the basic atomic structures in 
the good glass former over both short- and medium-range length scale have the 




































Chapter 7 Short-to-medium-range order in the Cu-Zr metallic glasses 
 85 
 
7.2 Calculation details 
 
We have performed MD simulation based on the embedded atom method (EAM) 
potential in the NVT ensemble using the large-scale atomic/molecular massively 
parallel simulator (LAMMPS) code [11-13]. See the section 5.2 for the calculation 
details. The density of the final glass structure was checked to be within 1% error 






7.3 Results and discussions 
7.3.1 Short-range order 
 
 
A typical view of three-dimensional atomic configuration (16000-atom) for a 
Cu64Zr36 MG is shown in Fig. 7.1(a). The resulting total pair distribution function 
(PDF) is shown in Fig. 7.1(b). PDF is among one of the most important methods 
to reveal the structure features of a system, particularly for liquids and amorphous 
structures. As one can see, the second peak exhibits pronounced split, indicating 
the development of short-range order in the glassy structure [14]. And the cut-off 
distance of the nth coordination shell is shown in Table I [10]. Figure 7.1(c) 
displays population of the size of the various clusters within the first coordination 
shell. It is clear that the basic cluster with atom=13 is dominant. In order to further 
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examine the local structure, population of the various clusters within the first 
coordination shell is shown in Fig. 7.1(d). The five most populous clusters are 
listed. It is found that Cu8Zr5 basic cluster prevails within the first coordination 
shell. Then distribution of the polyhedron type of Cu8Zr5 basic cluster is shown in 
Fig. 7.1(e). Most of Cu8Zr5 basic clusters are in the form of full icosahedra with 
index of <0,0,12,0>. A representative motif of Cu8Zr5 polyhedra cluster is shown 




Table 7.1 The cut-off distance of the nth coordination shell 
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Figure 7.1: Short-range order in Cu64Zr36 MG within the first coordination shell. (a) 
Configuration (16000-atom) of a Cu64Zr36 MG obtained by MD simulation. (b) 
Total PDF of Cu64Zr36. (c) and (d) Populations of various clusters in terms of size 
and component, respectively. (e) Distribution of the polyhedron type of Cu8Zr5 
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7.3.2 Medium-range order 
 
We next address the medium-range order in Cu64Zr36. Figure 7.2(a) and (b) 
display populations of the various super-clusters within the second coordination 
shell, in terms of size and component, respectively. It is found that the basic 
super-cluster with atom=61 is dominant and the most populous super-cluster is 
Cu39Zr22 within the second coordination shell. And this super-cluster’s 
composition can recover the bulk’s stoichiometry. Figure 7.2(c) and (d) display 
distributions of the core structure of the super-cluster Cu39Zr22 in terms of type of 
polyhedra and type of clusters, respectively. The full icosahedral <0,0,12,0> is the 
most abundant polyhedron in the core structure, and the most populous cluster in 
the core structure is Cu8Zr5. A representative motif of super-cluster Cu39Zr22 is 








Figure 7.2: Medium-range order in Cu64Zr36 MG within the second coordination 
shell. (a) and (b) Populations of the various super-clusters in terms of size and 
component, respectively. (c) and (d) Distributions of the core structure of the basic 
super-cluster Cu39Zr22 in terms of type of polyhedra and type of clusters, 
respectively. (e) A representative motif of super-cluster Cu39Zr22. 
 
  
Chapter 7 Short-to-medium-range order in the Cu-Zr metallic glasses 
 90 
 
The detailed atomic structure within the third coordination shell is shown in Fig. 
7.3. Figure 7.3(a) and (b) display populations of the various super-clusters in terms 
of size and component, respectively. Within the third coordination shell, the basic 
super-cluster with atom=169 is dominant and the most populous super-cluster is 




Figure 7.3: Medium-range order in Cu64Zr36 MG within the third coordination 
shell. (a) and (b) Populations of the various super-clusters in terms of size and 
component, respectively. (c) A representative motif of super-cluster Cu108Zr61. 
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Based on the above analyses from the first to the third coordination shell, it is 
found that atomic packing in MGs follows some rules. The total number of atoms 
within the nth coordination shell N is, in fact, 13, 61, and 169. And the number of 
atoms on the nth coordination shell is 12n
2
, namely, 12, 48, and 108. Undoubtedly, 
the icosahedral short order exits in the short range (see Fig. 7.1(f)). Moreover, 
within medium range the basic atomic structure could be obtained from a central 
icosahedron surrounded by a shell of 12n
2
 atoms (see Fig. 7.2(e) and Fig. 7.3(c)). 
 
We then also extend the same analysis from the fourth to the sixth coordination 
shell. The super-clusters with atom=307, 561, and 924 are dominant, respectively. 
Figure 7.4 shows the overall trend of the total number of atoms within the nth 
coordination shell for Cu64Zr36 MGs. For comparison, trend of the total number of 
atoms in an icosahedral shell structure is also plotted, in which the total number of 
atoms within the nth shell N for ( 1n ) is, 13, 55, 147, 309, 561, 923, etc., and the 
number of atoms on the nth icosahedral shell is )1(210 2  nn  [15, 16]. 
Cu64Zr36 is well known to be the best glass former in the Cu–Zr alloy [17]. The 
trends shown in Fig. 7.4 indicate that in the optimum glass former, the basic 
atomic structures over both short- and medium-range length scale could have the 











Figure 7.4: The overall trend of the total number of atoms within the nth 
coordination shell for Cu64Zr36 MGs. Trend of the total number of atoms in an 


















In conclusion, short- and medium-range orders in the Cu64Zr36 MG have been 
investigated from the first to the sixth coordination shell up to 15.3 Å length scale. 
In the first three coordination shells, the total number of atoms within the nth 
coordination shell N is 13, 61, and 169. And the number of atoms on the nth 
coordination shell is 12n
2
. Besides, we recognized that the basic atomic structure 
could be obtained from a central icosahedron surrounded by a shell of 12n
2
 atoms. 
From the fourth coordination shell on, the total number of atoms within the nth 
coordination shell N is 307, 561, and 924 with the characteristics of an icosahedral 
shell structure. Our study indicates that in good glass former, an icosahedral shell 
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The primary objective of this thesis was to investigate the atomic-level structure in 
the Cu-Zr binary system based on molecular dynamics simulation and relate them 
to composition-structure-properties correlations. Two aspects of physical 
properties were taken into account, i.e. the GFA and mechanical behavior.  
 
Both the chemical short-ranger order and topological short-range order in the good 
glass-forming compositional ranges in the Cu-Zr binary system was investigated 
using Voronoi tessellation method. It was found that icosahedron-like clusters, 
Cu6Zr7, Cu7Zr6, and Cu8Zr5 are the major clusters in the relative three good 
glass-forming compositional ranges around Cu50Zr50, Cu56Zr44, and Cu64Zr36, 
respectively. This finding suggests that the requirement for the appropriate basic 
units for the forming of MGs is a short distance to eutectic points. Then, when 
glue atoms are added to connect the basic cluster up, optimum compositions with 
high GFA become Cu6Zr7+Cu=Cu0.50Zr0.50, Cu7Zr6+Cu=Cu0.571Zr0.429, and 
Cu8Zr5+Cu=Cu0.643Zr0.357, in agreement with the previously reported experimental 
and simulation results. The criterion of near-eutectic composition applies to the 
basic polyhedral cluster units (Cu6Zr7, Cu7Zr6, and Cu8Zr5), rather than optimum 
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compositions with high GFA (Cu0.50Zr0.50, Cu0.571Zr0.429, and Cu0.643Zr0.357). In 
addition, the simple process of cluster selection and the basis for a practical 
strategy to pinpoint the alloy composition with the optimum GFA were established. 
Besides, from the viewpoints of topological short-range order, trends of the 
dominant types of Cu-centered Voronoi polyhedra as a function of composition, 
such as <0,0,12,0>, <0,2,8,2>, <0,3,6,3>, <0,2,8,0>, and <0,3,6,1>, were 
investigated. Weak yet significant peaks in fraction of Cu-centered <0,0,12,0> full 
icosahedron were observed, while the trends of the other polyhedra were relatively 
featureless. These findings have implications for understanding the 
composition-structure-properties correlations of metallic glasses 
 
It was found that the quantitative composition-structure-GFA correlation could be 
established based on the full icosahedra. Weak yet significant peaks in fraction of 
Cu-centered <0,0,12,0> full icosahedra (fico) obtained from a statistical analysis 
over a broad compositional range with high resolution were observed at certain 
compositions, which coincide with the GFA enhancement. This correlation implies 
that the change in fico is a fundamental structural factor in determining the ease of 
glass formation. In this regard, the average fraction of the Cu-centered <0,0,12,0> 
full icosahedra should be an indicator of GFA over a broad compositional range in 
the Cu-Zr binary system and should be used to provide an explanation for good 
glass-forming compositional ranges.  
 
Besides, it was found that the composition-structure-GFA correlation could also be 
established based on the average number of the basic clusters. Certain peaks 
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showed up at certain compositions, which indicate good glass formers. These 
optimum compositions with enhanced GFA are consistent with the previously 
reported experimental and simulation results. It is to be emphasized that a 
statistically significant number of specimens with different initial configurations 
were simulated for each given composition and the quantitative 
composition-structure-GFA correlations based on both fico and the basic clusters 
were established. In previous studies, such statistical analysis was rarely carried 
out to investigate the composition-structure-GFA relationship. In this thesis, we 
not only performed this statistical analysis but also used a high compositional 
resolution. Earlier studies of the compositional dependence of physical properties 
have been carried out for limited compositional ranges and widely scattered data 
points, and therefore were unable to reveal the detailed compositional dependence 
of GFA. In this thesis, the continuous composition with high compositional 
resolution and statistical analysis were adopted and the composition-structure-GFA 
correlation was successfully established.  
 
With the same approach, the composition-structure-mechanical behavior 
correlation was also examined. It was found that the role of the external stress is to 
break loose the full icosahedra. The more full icosahedra, the more external stress 
is required, so that the material is stronger. Therefore, a weak but significant hump 
was observed in trend of the elastic modulus as a function of composition, 
consistent with trend of the Cu-centered full icosahedra. On the other hand, since 
the stress mainly acts on the Cu-centered full icosahedra, the strain is more likely 
to localize when there is a high fraction of the Cu-centered full icosahedra. This 
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can be one of the reasons responsible for the decreased plasticity observed in 
experiment. Indeed, in our simulation, trend of Poisson’s ratio as a function of 
composition is opposite to that of the elastic modulus. In this thesis we 
substantiated why the increased strength and reduced overall plastic strain 
observed as Cu concentration increases in the Cu-Zr binary system. Our findings 
suggest that the Cu-centered full icosahedron is the structural feature that has large 
influence on both mechanical behavior and GFA. 
 
The liquid behaviors of Cu61.8Zr38.2, Cu64.5Zr35.5, and Cu66Zr34 amorphous alloys 
including their pair distribution functions, distributions of Voronoi clusters with 
different coordination numbers, and mean square displacements of Cu and Zr 
atoms were investigated. Compared to Cu61.8Zr38.2 and Cu66Zr34, high 
concentrations of distorted icosahedra with indices of <0, 2, 8, 2> and <0, 4, 4, 4>, 
high numbers of Cu-centered Cu8Zr5 and Cu9Zr4 clusters, and reduced atomic 
diffusivity of Cu and Zr atoms were found in molten Cu64.5Zr35.5 alloy. These 
effects would make the liquid more viscous, and thus benefit glass formation in 
Cu64.5Zr35.5 alloy. Meanwhile, from the viewpoints of local clusters structure, the 
majority of the glue atoms are Cu atoms in Cu64.5Zr35.5 amorphous alloy, which 
causes denser packing of the system and better glass forming ability accordingly. 
 
The cluster packing schemes previously proposed mainly address the low solute 
concentration regime and these packing schemes break down beyond a length 
scale of a few clusters. In this thesis, short- and medium-range orders in the 
Cu64Zr36 metallic glass have been investigated from the first to the sixth 
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coordination shell up to 15.3 Å length scale. In the first three coordination shells, 
the total number of atoms within the nth coordination shell N is 13, 61, and 169. 
And the number of atoms on the nth coordination shell is 12n
2
. Besides, we 
recognized that the basic atomic structure could be obtained from a central 
icosahedron surrounded by a shell of 12n
2
 atoms. From the fourth coordination 
shell on, the total number of atoms within the nth coordination shell N is 307, 561, 
and 924 with the characteristics of an icosahedral shell structure. Our study 
indicates that in good glass former, an icosahedral shell structure prevails in both 





8.2 Future works 
 
Electronic structure and atomic structure interrelations are expected to give more 
fundamental insights into the stability of solid matter including the metastable 
glassy materials [1–8].  
 
Yu et al have studied GFA and the electronic specific heat coefficient in typical 
ternary (Cu50Zr50)100−xAlx bulk metallic glasses [9]. And they provided compelling 
experimental evidence that the density of electronic energy states at the Fermi 
level indeed is closely correlated with the GFA of metallic glasses, and the best 
GFA can be obtained when the Fermi surfaces nearly touch the quasi-Brillouin 
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boundaries, as predicted by the nearly free electron model. Their results highlight 
the significance of electronic structural effects on the formation of metallic 
glasses. 
 
To better understand the structure and structure-property relationship in MGs, it is 
important to investigate the electronic structure of MGs. In our future work, we 
are going to combine the effects of geometric, chemical and electronic structures 
together, in order to find out which effect is the dominant in governing physical 
properties of MGs. And the first problem we are going to face is the size of cell in 
our simulation. If we are going to use the first-principle calculation on the 
electronic structure of MGs, usually just hundreds of atoms can be contained. 
However, hundreds of atoms system is not enough for investigation of geometric 
and chemical structures. Secondly, the big challenge we are going to face is that 
the electron itinerant behavior in MGs is ambiguous. The valence electron theory 
for intermetallic compounds has not been fully developed. Furthermore, the glassy 
alloys have two bonding types, metal/metal and metal/metalloid, and the atomic 
configurations of the glassy alloys differ among the metal-metal- and 
metal-metalloid-type alloys. So in our future work, we are going to focus on Cu-Zr, 
and Cu-Zr-Al these two systems. Furthermore, investigation of electronic property 
of MGs also provides some guidelines for the selection of glass forming 
compositions preventing the formation of crystalline phases. Further work in this 
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